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Hepatitis C virus (HCV) nonstructural protein 2 (NS2) is required for HCV polyprotein processing and particle assembly. It
comprises an N-terminal membrane domain and a C-terminal, cytosolically oriented protease domain. Here, we demonstrate
that the NS2 protease domain itself associates with cellular membranes. A single charged residue in the second a-helix of the
NS2 protease domain is required for proper membrane association, NS2 protein stability, and efficient HCV polyprotein

processing.

H epatitis C virus (HCV) nonstructural protein 2 (NS2) is re-
quired for HCV polyprotein processing and particle forma-
tion (1-3). It comprises an N-terminal membrane domain
(amino acids [aa] 1 to 93) and a C-terminal, cytosolically oriented
protease domain (NS2P™; aa 94 to 217). The membrane domain is
composed of three predicted transmembrane segments and serves
as a molecular platform for the coordination of HCV structural
and nonstructural proteins in viral assembly (4-7). NS2P* forms a
dimeric cysteine protease with two composite active sites (8). It is
composed of two subdomains connected by an extended linker.
The N-terminal subdomain includes two a-helices, H1 and H2,
and the C-terminal subdomain, a four-stranded antiparallel
B-sheet. As the crystal structure of NS2P™ contained detergent
molecules interacting with H1 and H2, it was proposed that
NS2P™ itself may associate with membranes (8). However, this
hypothesis has not been tested experimentally.

Therefore, a panel of green fluorescent protein (GFP) fusion
constructs comprising NS2 segments derived from HCV genotype
laclone H77 (9) (kindly provided by Charles M. Rice, The Rocke-
feller University, New York, NY) was prepared and transiently
expressed in U-2 OS human osteosarcoma cells, as described pre-
viously (4, 10) (Fig. 1A). We have previously shown that GFP
alone is diffusely distributed in the cytoplasm and nucleus of these
cells whereas full-length NS2 expressed as a fusion protein with
GFP localizes mainly to membranes of the endoplasmic reticulum
(ER) (4). As shown in Fig. 1B, NS2P* localized to cellular mem-
branes and, more specifically, to mitochondria, as revealed by co-
localization with mitofilin. Membrane association of NS2P™ was
confirmed by membrane flotation analyses (data not shown). In-
terestingly, deletion of H1 and H2 (NS2,5, ,,,-GFP) abolished
membrane association whereas fusion of H1 and H2 (NS24¢_,5,-
GFP) or of H2 alone (NS2,,,_,5,-GFP) to GFP resulted in its
membrane association. Collectively, these observations indicate
that NS2P" itself associates with membranes through the a-heli-
ces within NS2 aa segment 96 to 137.

H1 and H2 display a number of surface-exposed hydropho-
bic residues as well as conserved positively charged residues
with putative accessibility to cellular membrane lipids (Fig. 2A
and B). Two arginine residues are found at positions 105 and
111 within H1. Within H2, a positively charged residue is
found in all HCV isolates referenced in the European HCV
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Database (http://euhcvdb.ibep.fr/), at either position 131 or
position 134. A lysine is found in position 131 in HCV geno-
type 1 (as well as in genotypes 4 and 6; data not shown) whereas
an arginine is found in position 134 in HCV genotype 2 (as well
as in genotypes 3 and 5; data not shown), at a distance that
corresponds to one a-helix turn (Fig. 2A). The positively
charged side chains of these residues are laterally oriented on
the helices (Fig. 2B).

Single or double alanine substitutions of the multiple con-
served hydrophobic residues in H1 and H2 did not alter mem-
brane association of NS2P™ (data not shown). Likewise, alanine
substitution of the arginine residues within H1 did not affect
membrane association (R105A, R111A, and R105A/R111A; Fig.
2C). In contrast, alanine substitution of Lys 131 resulted in redis-
tribution of the protease domain from mitochondria to the ER,
indicating a change in the character of membrane association,
likely due to altered protein-protein and/or protein-lipid interac-
tions (K131A; Fig. 2C and D). Indeed, the mitochondrial mem-
brane contains phospholipids, such as cardiolipin, whose nega-
tively charged phosphate residues are accessible to positively
charged basic amino acid residues. Remarkably, the membrane
association phenotype could be restored by introduction of a
lysine residue at position 134 (K131A/A134K; Fig. 2C and D).
Conversely, alanine substitution of the naturally occurring argi-
nine in position 134 of NS2P™ from HCV genotype 2a (isolate
JFH1) resulted in the same change in subcellular distribution that
was rescued by introduction of an arginine in position 131 (data
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FIG 1 Membrane association of the HCV NS2 protease domain. (A) Schematic representation of HCV NS2 and of GFP fusion constructs. The two a-helices
located at the N terminus of the protease domain (comprising aa 96 to 116 [H1] and 121 to 137 [H2]) are highlighted. (B) Confocal laser scanning microscopy
analyses of U-2 OS human osteosarcoma cells transiently transfected with cytomegalovirus (CMV) promoter-driven GFP fusion constructs, as illustrated in
panel A. A polyclonal antibody against mitofilin (Sigma-Aldrich, St. Louis, MO) was used as a marker for mitochondria.

not shown). Taken together, these observations reveal a signifi-
cant contribution of a single positively charged amino acid residue
at position 131 (or 134) to the membrane association of NS2P™,
The mutations described above were introduced into full-
length mono- and bicistronic HCV constructs to examine their
impact on polyprotein processing and viral particle assembly. Of
note, the bicistronic constructs, harboring NS2 from HCV geno-
type la isolate H77 (11) (kindly provided by Charles M. Rice),
allow investigation of mutations independently of an effect on
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NS2 protease-mediated polyprotein processing. Analyses were
performed 72 h after electroporation of RNA transcribed from
these constructs into Huh-7.5 human hepatocellular carcinoma
cells (12) (kindly provided by Charles M. Rice).

In the monocistronic context, mutation K131A completely
abolished virus production (Fig. 3A, left panel). This defect could
be partially rescued by introduction of a lysine in position 134
(K131A/A134K). Immunoblot analyses revealed a strong reduc-
tion of NS2 expression by mutant K131A, which could be partially
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FIG 2 A single positively charged residue in H2 affects membrane association of NS2P™. (A) Sequence analysis of the two a-helices (H1 and H2, highlighted by green
boxes) of NS2P™ identifies conserved positively charged residues (highlighted in blue) at positions 105 and 111 within H1 and at position 131 (genotype 1) or 134
(genotype 2) within H2. The distance between positions 131 and 134 corresponds to one a-helix turn. Asterisks indicate residues that are identical between genotypes.
Cons., consensus. (B) Structure of an NS2P* monomer (PDB entry 2HDO, H77 isolate, genotype 1a) (8) drawn as a ribbon using VMD 1.9 software (14). H1 and H2 are
colored in green and the positively charged residues highlighted in blue. The right panel shows the presumed close proximity of H1 and H2 to the membrane surface
represented as a simulated model of a POPC (1-palmitoyl-2-oleoyl-2-sn-glycero-3-phosphocholine) layer obtained from reference 15 (a stick representation with
phosphorus, oxygen, nitrogen, and carbon atoms is colored in yellow, red, blue, and light gray, respectively). Positively charged amino acid residues 105, 111,and 131 are
expected to interact with the negative charges of phosphate groups of POPC. The alanine residue at position 134 is highlighted in pink by its Van der Waals surface. (C
and D) Confocal laser scanning microscopy analyses of U-2 OS human osteosarcoma cells transiently transfected with CMV promoter-driven NS2q_,,,-GFP fusion
constructs (see Fig. 1A) harboring the indicated mutations. A polyclonal antibody against mitofilin (Sigma-Aldrich, St. Louis, MO) and monoclonal antibody G1/296
against CLIMP-63 (Enzo Life Sciences, Farmingdale, NY) were used as markers for mitochondria and the endoplasmic reticulum in panels C and D, respectively.

June 2014 Volume 88 Number 11 jviasm.org 6521


http://www.rcsb.org/pdb/explore/explore.do?structureId=2HD0
http://jvi.asm.org

Lange et al.

>

5 Monocistronic
e, K131A
4 wt  K131A A134K A134K AGDD
|
=3
I NS2
32
=]
D1 NS5A

wt  K131A A134K K131A AGDD
A134K

(vy)

5+ Bicistronic

K131A

TCIDsg/ml (Log1o)

41 wt  K131A A134K A134K AGDD
§ NS2 g ——

24

" NSOA e

0-

wt  K131A A134K K131A AGDD
A134K

D

< NS2 >< NS3
wt 1 96 116 121137 2171 S139A 181
| N — (T s
K131A
kDa wt K131A A134K A134K
K131A 55-
40- - ~4NS2-3Ps130n
Ns2 30-
A134K

<aNS2

K131A

A134K p-actin

FIG 3 The positively charged residue in H2 is important for HCV polyprotein processing. (A and B) The indicated mutations were introduced into a monocistronic
full-length construct harboring NS2 from HCV genotype laisolate H77 (11) (A) or a bicistronic full-length construct harboring an encephalomyocarditis virus (EMCV)
internal ribosome entry site (IRES) between NS2 from HCV genotype laisolate H77 and NS3 (11) (B). Virus infectivity, quantified shown on the left, was assessed by 50%
tissue culture infectious dose (TCID5,) determination at 72 h postelectroporation, as described previously (16). Immunoblot analyses using monoclonal antibodies
(MAbs) 6H6 against NS2 (8, 11) and 9E10 against NS5A (16) (both kindly provided by Charles M. Rice) are shown on the right. (C) NS2 expressed in the context of the
different bicistronic viruses was examined 48 h postelectroporation by immunofluorescence microscopy using MAb 6H6. (D) A CMV promoter-driven construct
allowing expression of NS2 and the protease domain of NS3 with an inactivating S139A mutation in its catalytic site (NS2-3Pg, 50, ) was derived from HCV genotype la
isolate H77 and is illustrated on the top. Processing of the wild-type (wt) construct as well as of constructs harboring the indicated mutations in NS2 H2 was analyzed by
transient transfection into U-2 OS cells and immunoblotting using MAb 6H6 against NS2. Mouse monoclonal AC-15 against (3-actin was used as a loading control. The
positions of NS2-3Pg, 55, and of processed NS2 are indicated on the right.

restored by a lysine in position 134 (K131A/A134K) (Fig. 3A, right  stored by introduction of alysine in position 134 (K131A/A134K).
panel). Mutation K131A had no effect on NS5A expression, i.e., did not

In the bicistronic context, mutation K131A also reduced virus  affect HCV RNA replication (Fig. 3B, right panel). However, NS2
production (Fig. 3B, left panel), but this could be completely re-  expression by this mutant was reduced. This defect was fully res-
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cued by introduction of a lysine in position 134 (K131A/A134K).
Hence, lack of a positively charged residue at position 131 (or 134)
in H2 appears to strongly impact on NS2 protein stability, possibly
by affecting proper protein-lipid interactions at the membrane
surface. However, mutation K131A within NS2P" did not affect
the overall subcellular localization of full-length NS2, which, as
shown previously (4), is determined by its N-terminal membrane
domain (Fig. 3C).

The effect of the mutations described above on NS2 protease
activity was analyzed further in a construct comprising NS2 and
the N-terminal one-third of NS3, whose serine protease activity
was inactivated by an S139A mutation in its catalytic site (NS2-
3Pg1304)- As shown in Fig. 3D, the efficiency of NS2-mediated
cleavage at the NS2/NS3 junction is impaired by the K131A mu-
tation and restored in construct K131A/A134K. Taken together,
these observations indicate that positively charged amino acid res-
idue 131 (or 134) in H2 is required not only for NS2 protein
stability but also for efficient HCV polyprotein processing. In con-
trast, this residue appears to play only a minor role in HCV assem-
bly, the second key function of NS2.

In conclusion, NS2P*® associates with intracellular membranes
independently from the N-terminal membrane domain of NS2. A
single positively charged residue in H2 is required for proper
membrane association, NS2 protein stability, and efficient HCV
polyprotein processing. In more general terms, based on the find-
ings reported here and previous work on the HCV NS3-4A com-
plex (13), proper positioning of HCV nonstructural proteins on
intracellular membranes is ensured by multiple determinants, in-
cluding membrane domains as well as determinants for mem-
brane association within their catalytic domains.
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